Evidence for local moment magnetism in superconducting FeTco ssScq 65 
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The nature of the magnetic correlations in Fe-based superconductors remains a matter of controversy. To 
address this issue, we use inelastic neutron scattering to characterize the strength and temperature dependence 
of low-energy spin fluctuations in FeTeo.35Seo.65 (Tc ~ 14 K). Integrating magnetic spectral weight for energies 
up to 12 meV, we find a substantial moment (> 0.26 ^s/Fe) that shows little change with temperature, from 
below Tc to 300 K. Such behavior cannot be explained by the response of conduction electrons alone; states 
much farther from the Fermi energy must have an instantaneous local spin polarization. It raises interesting 
questions regarding the formation of the spin gap and resonance peak in the superconducting state. 
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Antiferromagnetism and superconductivity are common to 
the phase diagrams of cuprate and Fe-based superconduc- 
tors, and it is frequently proposed that magnetic correla- 
tions are important to the mechanism of electron pairing 
m 01 ■ Experiments on various Fe-based superconductors 
have demonstrated that magnetic excitations coexist with, 
and are modified by, the superconductivity. In particular, 
the low energy spin excitation spectrum is modified by the 
emergence of a "resonance" peak and spin gap in the su- 
perconducting phase H-ll]. Despite some variation in the 
magnetic structure of the parent compounds, in all known 
Fe-based superconductors, the "resonance" occurs at the 
same Qg ^ (0.5, 0.5, 0) (in 2-Fe unit cell unit), including 
the ^FejAsa ("122",^=Ba,Sr,Ca) system llS, Ul, [II, the 
i?FeAsO ("1111", i?=La,Ce,Pr,Nd,Gd,Sm) system Eilil, 
and the FeTei_a;Sea; ("11") system Iv-ll]. At low tempera- 
ture, the resonance is also accompanied by a well-defined but 
anisotropic dispersion iflolfTlll along the transverse direction, 
with a spin gap below which there is no spectral weight in 
the superconducting state, resembling the spin excitations in 
many high Tc cuprates 



One essential and currently unsettled issue is the nature of 
the magnetism in the Fe-based superconductors |01. In con- 
trast to the Mott-insulating parent compounds of the cuprates, 
the parent compounds of all of the Fe-based superconductors 
are poor metals. This naturally leads to the suggestion of itin- 
erant magnetism resulting from the nesting of the Fermi sur- 
face, or mo re g enerally, enhancement of non-interacting sus- 
ceptibility i24ll . Disregarding the apparent failure of such itin- 
erant picture in produ cing the so-called bi-collinear magnetic 
structure of Fei+^Te 12511 . the spin-fluctuation picture of su- 
perconductivity 12m is qualitatively appealing, and appears to 
give a natural explanation for the spin resonance and spin gap 
12611 . Nevertheless, there are recent theoretical analyses that 
suggest that there may be a significant local-moment charac- 
ter to the magnetism pTIl. Thus, it is timely to test experimen- 
tally whether the weak-coupling approach can quantitatively 
account for magnetic correlations in the Fe-based supercon- 
ductors. 



In this letter, we report an inelastic neutron scattering study 
on the temperature evolution of the low-energy magnetic exci- 
tation of an FeTei_j;Sej; sample with x=65%. The magnetic 
excitations below Tc ^ 14 K are almost identical to those 
measured previouslyon superconducting FeTei_j;Sea; sam- 
ples with X < 50% It HI in . having a spin gap of ^ 5 meV and 
a resonance at 7 meV, with anisotropic dispersion along 
the direction transverse to Qg. On heating to T = 25 K, 
the resonance disappears, with spectral weight moving into 
the gap, and the dispersion resembles an "hour-glass" shape 
like those observed in the cuprates iSSIIl- With further 
heating, the spin excitations near the saddle point (5 meV) 
start to split in Q and become clearly incommensurate, ex- 
hibiting a "waterfall" structure at 100 K and above, similar 
to the situation in underdoped YBa2Cu306+2; 12211 . However, 
the integrated spectral weight below fku — 12 meV remains 
almost unchanged as a function of temperature, indicating a 
large energy scale associated with the stability of the instan- 
taneous magnetic moment. The absolute normalization of the 
low-energy weight gives a lower limit (not counting the strong 
spectral weight at higher energies 18]) of the magnetic mo- 
ment per Fe site to be ^ 0.26yUB/Fe. Such a robust and siz- 
able moment is apparently be yon d the standard consideration 
of spin-density-wave picture l24ll . and strongly suggests that 
local moment magnetism is present (and likely dominant) in 
the Fe-based superconductors 12711 . 

The single-crystal sample used in the experiment was 
grown by a unidirectional solidification method with nomi- 
nal composition of Feo.ggTeo. 35860. 65 (8.6g). The bulk sus- 
ceptibility, measured with a superconducting quantum inter- 
ference device (SQUID) magnetometer, is shown in in Fig.[T] 
(b), indicating ^ 14 K. Neutron scattering experiments 
were carried out on the triple-axis spectrometer BT-7 located 
at the NIST Center for Neutron Research. We used beam 
collimations of open-50'-S-50'-open (S = sample) with fixed 
final energy of 14.7 meV and two pyrolytic graphite filters 
after the sample. The lattice constants for the sample are 
a = b = 3.81 A, and c = 6.02 A, using a unit cell contain- 
ing two Fe atoms. The inelastic scattering measurements have 
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been performed in the (HKO) scattering plane [Fig. [T|(a)]. 
The data are described in reciprocal lattice units (r.l.u.) of 
{a*,b*,c*) ~ (27r/a, 27r/6, 27r/c). Absolute normalizations 
are performed based on measurements of incoherent elastic 
scattering from the sample. 
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FIG. 1. (Color online) (a) The schematic diagram of the neutron 
scattering measurements in the (HKO) zone. Dashed lines denote 
linear scans performed across Qq — (0.5, 0.5, 0) in the text, (b) 
ZFC magnetization measurements by SQUID with a 5 Oe field per- 
pendicular to the a-b plane. Tc '-^14K is marked by a dash line, (c) 
Constant Q scans at Qq taken at different temperatures: 5 K (red cir- 
cles), 25 K (blue squares), 100 K (green triangles), and 300 K (black 
diamonds). Fitted background obtained from constant energy scans 
has been subtracted from all data sets. 

Low energy spin excitations are mainly distributed near Qq 
in-plane wave-vector, similar to the case in the 50% Se doped 
sample lEgtllsoll . In Fig. [He), we show constant-Q scans at Qq 
from 4 K to 300 K. There is a clear resonance peak for data 
taken in the superconducting phase (T = 4 K, red circles). 
When heated above Tc, the resonance peak disappears, and 
spectral weight starts to fill in the gap below A ^ 5 meV. For 
the normal state, the intensity at Qq appears to peak at around 
hid r-^ 10 meV. These results are in good agreement with pre- 
vious neutron scattering measurements 17|,[10|], indicating that 
further Se doping above the optimal value of 50% does not 
significantly alter the low-energy magnetic excitations in the 
system. 

Constant energy scans across Qg, performed in the trans- 
verse direction, are plotted in Fig. ID One can see how the 
resonance disappears with heating in Fig.|2](c) and (d). For 
hu! < 6.5 meV, Fig. |2] (a)-(c), we note that the peak on the 
right side [larger K side, near (0.25, 0.75, 0)] is further out in 
Q, with respect to Qq, compared to its counter-part on the left 
(small K) side, and becomes disproportionately strong. This 
behavior is inconsistent with crystal symmetry, which mag- 
netic or simple phonon scattering must follow. The nature 
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FIG. 2. (Color online) Constant energy scans at {1 — K, K, 0) with 
different temperatures: 4 K (red circles), 25 K (blue squares), 100 K 
(green triangles) and 300 K (black diamonds) at different hw: (a) 
3.5 meV, (b) 5 meV, (c) 6.5 meV, (d) 8 meV, (e) 10 meV, and (f) 
12 meV. A flat fitted background has been subtracted from all data 
sets. The solid lines are based on the fit described in the text. The 
error bars represent the square root of the number of counts. 



of this spurious peak is not entirely known. It is very likely 
not associated with magnetic scattering from the sample; its 
growth with temperature suggests that it arises from multi- 
scattering processes involving certain phonon modes. Fortu- 
nately, it only appears on the large K side, leaving the small 
K side uncontaminated. In our data analysis, we fit the mag- 
netic signal using a double Gaussian function, with two peaks 
split symmetrically about Qo, plus a single Gaussian func- 
tion for the spurious peak. The fitted magnetic intensities are 
presented as contour maps in Fig. [3] With the spurious peak 
removed, one can easily see the evolution of the magnetic ex- 
citation spectrum with temperature. 

In the superconducting phase. Fig. Oa), there is very little 
spectral weight below 5 meV, while the excitations disperse 
outwards at higher energies. As a function of temperature 
[Fig.[3a)-(d)], the dispersion at the highest energies changes 
little, and one can still observe well defined magnetic exci- 
tations at fiw = 12 meV up to T = 300 K. The tempera- 
ture effect on the dispersion below the resonance energy is 
much more pronounced. On warming from 4 K to 25 K, inten- 
sity that emerges below the gap appears to disperse outwards 
slightly, as shown in Fig.[3](b). Our results are consistent with 
those in in Ref.lui where the spectrum is narrowest in Q at the 
saddle point around 5 meV, and becomes broader for energy 
transfers both above and below for T > Tc- 

With further heating, the Q-dependence of the spectrum 
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FIG. 3. (Color online) Contour intensity maps showing the fitted 
magnetic scattering intensity versus I'luj and Q at different tempera- 
tures: (a) 4 K, (b) 25 K, (c) 100 K and (d) 300 K. 
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FIG. 4. (Color online) (a) Q-integrated (integrated only in one- 
dimension, along the transverse direction) magnetic intensity, ob- 
tained based on the fit described in the text, plotted vs. temperature, 
(b) Q-integrated intensity for the spurious peak around (0.25,0.75,0), 
plotted vs. temperature, (c) Magnetic moment per Fe site vs. tem- 
perature. 



changes most dramatically near the saddle point. At T = 
100 K, the lower part of the dispersion clearly moves outwards 
from Qq, as shown in Fig.|3jc). The saddle point at 5 meV ac- 
tually disappears, and the dispersion becomes clearly incom- 
mensurate and almost vertical. There is little change between 
100 K and 300 K. The change in dispersion from 4 K to 100 K 
is qualitatively similar to behavior reported for underdoped 
YBa2Cu306+. iH. 

In Fig.|4](a) and (b), we plot the intensities, integrated along 
Q = {1 — K,K, 0), of the magnetic scattering and the spu- 
rious peak. The effect of the resonance in the superconduct- 
ing phase is observable up to ftw ^ 10 meV. The plot of the 
spurious-peak intensity shows signs of temperature activation, 
and is peaked near 5 meV; in any case, its scale is generally 
small compared to the magnetic signal. 

Our key result is obtained by integrating the magnetic sig- 
nal over Q and Hlu. For the Q integration, we assume the peak 
width along the longitudinal direction is same as transverse di- 
rection and that the response is uniform along L. For energy, 
we integrated over the interval meV< hw < 12 meV, us- 
ing the low-energy extrapolation indicated by the dashed lines 
in Fig. EJa). From this integral, we obtain an instantaneous 
magnetic moment of 0.26(7) per Fe. The temperature de- 
pendence of this quantity is negligible, as shown in Fig.|4jc). 

The moment we have evaluated is only a fraction of the to- 
tal moment per site, considering that previous measurements 
have shown significant spectral weight all the way up to a few 
hundred meV ||8|]. Nevertheless, such a large low-energy mag- 
netic response is already an order of magnitude larger than 
what is expected from a simple itinerant picture. For example. 



the density of states at the Fermi energy (-Ej?) has been calcu- 
lated to be ^ 1.5 ev^^ per Fe for FeSe 13 111 . If we assume 
that the electronic states within an energy range of 12 meV 
are fully spin polarized, then obtain an estimated moment of 
^ 0.02 ^B- Of course, photoemission studies have reported 
band renormaUzations in the range of 3 to 20 132113311 . which 
would substantially increase the available density of states at 
Ey', however, one must also consider the cause of the renor- 
maUzations. In theory, one can include interactions that en- 
hance the magnetic response using the random phase approxi- 
mation; however, at least one attempt to do this l34|] has found 
that the strength of the low-energy magnetic weight is strongly 
temperature dependent, in contrast to our experimental result. 
The observed lack of temperature dependence suggests that 
electronic states over a large energy range contribute to the 
effective moment, which is consistent with having a signif- 
icant local moment, as suggested by recent theoretical work 

This leads to an interesting question. For the itinerant pic- 
ture, the spin gap and resonance come out naturally from the 
pairing gap for the quasiparticles — although they are sensitive 
to the symmetry of the order parameter. If the magnetic mo- 
ments involve states at high binding energies, then one must 
reconsider the evaluation of the resonance. It is clear that the 
magnetic correlations are sensitive to the development of pair- 
ing and superconductivity; however, the electrons involved in 
the pairing and in the magnetism are not necessarily identical. 
Similar issues have been raised in the case of cuprates 123 1. 
These issues also raise questions concerning the nature of the 
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pairing mechanism. 
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